ABSTRACT The complete 7410 nucleotide sequence of the poliovirus type I genome was obtained from cloned cDNA. Double-stranded poliovirus cDNA was synthesized and inserted into the Pst I site of plasmid pBR322, and three clones were derived that together provided DNA copies of the entire poliovirus genome. Two of the clones contained inserts of 2.5 and 6.5 kilobases and represented all but the 5' 115 bases ofpoliovirus RNA. A third clone was generated from primer-extended DNA and contained sequences from the 5' end of the viral RNA. An open reading frame that was identified in the nucleotide sequence starting 743 bases from the 5' end of the RNA and extending to a termination codon 71 bases from the 3' end contained known poliovirus polypeptide sequence.
codon 71 bases from the 3' end contained known poliovirus polypeptide sequence.
Poliovirus, a member of the picornavirus group, has been studied for the last 25 years as the prototype for positive-strand RNA animal viruses (1, 2) . Poliovirions contain a single strand of infectious RNA with a molecular weight of approximately 2.6 x 106 (3). This size is equivalent to 7.5 kilobases (kb), or sufficient nucleic acid to encode 2500 amino acids.
A variety ofexperimental results has suggested that the poliovirus genome is translated into a single polypeptide from which the functional viral proteins are derived by proteolysis (4) (5) (6) (7) (8) (9) . This hypothesis predicts a single, long, open reading frame in the poliovirus genome. To identify this open frame and to obtain precise information about the structure of poliovirus RNA, we have determined the nucleotide sequence of the viral genome. The value of having a DNA representation of the genome, coupled with the precision of sequence determination made possible when complementary strands of nucleic acid are independently analyzed, led us to derive molecular clones representing the viral RNA. We report here the complete 7410-nucleotide sequence ofthe molecularly cloned poliovirus genome in which an open reading frame 6597 nucleotides long is identified, showing that the genome can be copied into a single translation product.
MATERIALS AND METHODS Synthesis and Cloning of Double-Stranded Poliovirus cDNA. Poliovirus double-stranded cDNA was synthesized from purified poliovirus RNA (10) , using published conditions (11) with slight modifications. Double-stranded molecules were inserted into the Pst I site ofplasmid pBR322 by using oligo(dG)-oligo(dC) tailing methods, as described (11) . Tetracycline-resistant clones were screened for inserts by colony hybridization, using a calf thymus DNA-primed poliovirus cDNA probe (12, 13) .
Primer Extension and Cloning of Primer Extended Material. A restriction fragment from clone pVR103 from bases 149- 220 was prepared that was 5'-end-labeled at the BamHI site only (position 220). This fragment was hybridized to poliovirus RNA and extended with reverse transcriptase (RNA-dependent DNA polymerase) by using published procedures (14, 15) . The sequences of the extension products were determined chemically (16) . For cloning, the extended fragment was purified by gel electrophoresis and tailed with oligo(dC). The fragment was then made double-stranded with the Klenow fragment ofEscherichia coli DNA polymerase I in the presence of (dG)12 18, tailed again with oligo(dC), and inserted into the Pst I site of pBR322. One clone, pVR105, contained sequences from the BamHI site (position 220) up to and including the first base of the poliovirus genome.
RESULTS
Cloning of Poliovirus Double-Stranded cDNA. Three poliovirus-specific clones were characterized in detail. Plasmid pVR101 contained a poliovirus-specific insert 2.5 kb in length. Sequence analysis ofthis insert indicated that it contained about 40 As at one end followed by poliovirus-specific sequences (17) . Fig. 1 shows the position of this insert at the 3' end of the viral RNA. Plasmid pVR103 contained the longest poliovirus-specific insert, 6.5 kb. Restriction mapping with Bgl I, Bgl II, Pvu II, and Xba I revealed that pVR103 overlapped the 5' end of pVR101 (Fig. 1) . The total unique sequence cloned, approximately 7200 bases, was very close to the estimated 7500 base length of the poliovirus genome (3) .
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A portion of the primer-extended material was purified by electrophoresis, made double-stranded, and inserted into the Pst I site ofpBR322. By using tails ofoligo(dC) to clone this fragment, the BamHI site, which had been phosphorylated for primer extension, was restored. Sequence analysis of the insert from one clone, pVR105, indicated that it represented bases 1-220 of the viral RNA and confirmed the nucleotide sequence of the 5' end obtained by primer extension.
Nucleotide Sequence of the Poliovirus Genome. The sequences of plasmids pVR101 and pVR103 were determined by using the Maxam-Gilbert method (16) . The sequence of about 92% of the entire genome length was determined on both strands and the remainder was determined on one strand. Many areas were analyzed two or three times to ensure accuracy. The sequence of the 5' 115 bases was obtained both from the DNA synthesized onto the 5'-32P-labeled primer and also from direct sequence analysis of the 5' clone, pVR105. The 5' sequence overlapped and agreed with the published 5' 85 nucleotides (18) , showing that primer extension occurred up to the initial U residue on the polioviral RNA.
The complete nucleotide sequence of the poliovirus genome is shown in Fig. 2 .
The in-phase translation of the nucleotide sequence is also shown in Fig. 2 . An open reading frame beginning at base 671 is followed by a methionine codon at position 743 and continues until a termination codon 71 bases from the 3' end. Limited amino acid sequence of virion proteins VP1 and VP3 (unpublished data), as well as the published sequence of VPg (19) , could be located in the predicted amino acid sequence (Fig. 2) , providing strong confirmation ofthe identified open reading frame. The predicted amino acid sequence, however, must be considered tentative until further protein sequence is obtained.
DISCUSSION
Knowledge of the complete poliovirus RNA sequence now allows us to determine whether the open reading frame is long enough to encode a single polyprotein containing the sequences ofall the poliovirus polypeptides. The open frame reported here is 6597 bases in length, or enough to encode a 245,000-dalton protein. This size is near the predicted length ofa precursor that could give rise to all of the picornavirus proteins (20) . As might be expected for a cytoplasmic virus, there is no apparent need for RNA splicing to produce poliovirus mRNA.
The 5' Sequence Before the Putative Initiating AUG. An interesting feature at the 5' end ofthe poliovirus RNA molecule is the very long sequence that precedes the major open reading frame. This region contains 29 termination codons distributed among the three phases (see Fig. 2 ). Some of this 5' sequence may encode short peptides. For instance, the longest open frame in the 5' region, starting from the AUG at base 586 and terminating at base 781, could encode a 65-amino acid peptide. A long 5' untranslated stretch in picornavirus RNA is not without precedent. In foot and mouth disease virus RNA, the poly(C) tract precedes the region where translation begins and lies 400 bases from the 5' end of the molecule (21) . The 5' untranslated region in encephalomyocarditis virus RNA may be 1 kb in length (21) .
The first 742 bases ofthe viral RNA before the presumed initiator AUG codon contain eight other AUG methionine codons, approximating the frequency with which AUG appears in the coding region of the genome. It has been suggested that eukaryotic translation involves a sequence of events in which ribosomes bind to the 5' terminus of mRNA, migrate in a 3' direction, and initiate translation when they encounter the first AUG (22) . This model is clearly not applicable to poliovirus RNA because the ninth AUG is the one on which initiation appears to occur. Picornavirus RNAs also differ from other eukaryotic mRNAs by their lack ofa 5' 7-methyl-GTP cap (10, 23 (21, 24) , the putative polyadenylylation signal A-A-U-A-A-A is absent from the 3' end of the viral RNA.
It has been reported that, under certain conditions, translation of poliovirus RNA in vitro may initiate at a second site, yielding a protein of 5,000-10,000 molecular weight (25, 26 (Fig. 2) . The sequence of the 5'-terminal protein found on poliovirus RNA, VPg, has been partially determined (19) , and its coding region can be precisely identified in our sequence between nucleotides 5342 and 5407 (see Fig. 2 (27) suggested that the encephalomyocarditis virus VPg is not part of the protein equivalent to poliovirus NCVP-2 but is part of its precursor. In addition, it has been postulated that a protease is encoded in the region at the 3' edge of VPg (28) . Our data are consistent with this positioning, given the accuracy of molecular weight estimates. The known product cleaved from NCVP-2 is the RNA replicase, p63 (29) . There is certainly sufficient coding sequence between VPg and the end of the open reading frame to encode p63 plus a second protein, possibly the protease mentioned above.
Dyad Symmetries in Poliovirus RNA. In a previous report on the 5'-terminal sequence ofpoliovirus RNA, a stem and loop structure was suggested (18) . A computer search of the total genome sequence has identified many much longer potential stem structures, but their significance at this time is uncertain. The 5' potential stem and loop did not present a significant barrier to the reverse transcriptase.
Frequency of CpG and Codon Usage. The frequency of the dinucleotide CpG in poliovirus RNA is lower than expected. In the coding region CpG occurs at a frequency of 2.6%, whereas a frequency of 5.3% would be expected on a random basis considering base composition. This deficiency in CpG is reflected in codon usage (see Table 1 ). In poliovirus, as in cellular mRNAs (30) , there is a bias against CpG-containing serine, proline, threonine, and alanine codons. Furthermore, arginine codons of the type AGA and AGG occur more frequently than CGN codons (Table 1) .
In vesicular stomatitis mRNAs, a deficiency in CpG has been observed within the coding triplets, at the border ofcodons (at adjacent codons of the type NNC/GNN) and in the noncoding region (31) . In poliovirus the CpG deficiency is not observed at codon borders. On the basis ofthe composition of the coding region, random assortment would generate 116 CpGs between adjacent codons, and 95 are found. Furthermore, in the poliovirus 5' noncoding segment, the observed frequency of CpG (5.4%) is close to the expected value of 6.2%.
Vertebrate cellular DNA as well as eukaryotic mRNA has a lower than expected frequency of CpG sequences (30, 32) . It has been hypothesized that the low incidence of CpG in DNA is due to methylation of C residues in the dinucleotide, which drives mutation to TpG (33) . However, this explanation could not apply to poliovirus RNA, which lacks methyl groups (34) .
Comparison with Other Sequence Data. It is of interest to compare our sequence, derived from cloned DNA, to polioviral (24) . The lack of an extra G at that position was confirmed by us in an independent 3' clone. The sequence reported by Kitamura 
